Introduction
Glioblastoma (GBM), the most common type of malignant brain tumor, is an extremely difficult-to-treat disease with high lethality (DeAngelis, 2001) . Although the care of GBM patients is usually multidisciplinary and includes surgery, radiotherapy and chemotherapy (Stupp et al., 2006) , current treatment regimens have so far failed to significantly increase median survival after diagnosis, which is o12 months (Ohgaki et al., 2004) . This highlights the need for novel and improved therapeutic approaches. At present, the hope to achieve such an improvement lies within combining different treatment regimes; for example, currently, radiotherapy is frequently combined with temozolomide (Newton, 2008) . This seems to be of particular importance in GBM, as these tumors have evolved alternating mechanisms of treatment resistance so that a monotherapy might not target the whole tumor cell population (Cavaliere et al., 2007) . To design new, successful strategies, a precise knowledge of tumor-specific alterations is needed, and one promising target for such an approach in GBM is the PI3K/Akt pathway (Colman and Aldape, 2008; Maira et al., 2008) .
Alterations in this signaling network have a pivotal role in a large range of tumors, including GBM (Cancer Genome Atlas Research Network, 2008; Parsons et al., 2008) , in which a correlation between the activity of this pathway and adverse clinical outcome and reduced apoptosis was shown (Chakravarti et al., 2004) . Furthermore, we previously showed that inhibition of PI3K sensitizes GBM to chemotherapy-and to death receptor-induced apoptosis (Opel et al., 2008) . A similar importance of the PI3K/Akt pathway has also been reported in ovarian, gastric, breast and lung cancer (Jiang and Liu, 2008) , as well as in neuroblastoma, for which it was recently shown that aberrant activation of Akt correlates with reduced life expectancy (Opel et al., 2007) .
The PI3K network is a highly complex, multi-armed signaling machinery, which can activate numerous downstream effectors (Maira et al., 2008) . Of particular interest in this context is the interaction of this signaling network and anticancer drugs, as many chemotherapeutics act by damaging, directly or indirectly, DNA, which in turn leads to the activation of damage-response pathways (Christmann et al., 2003) . For example, the nonhomologous end-joining (NHEJ) repair machinery is activated on DNA double-strand breaks (DSBs) (Christmann et al., 2003) , and many proteins involved in this repair pathway are genetically and structurally similar to PI3K (Fruman et al., 1998) , such as ATM and ATR proteins and probably most strikingly DNA-PK (Jackson, 2002) . The latter protein is responsible for 'cleaning up' the DNA ends at break point, a process essential for repair initiation (Jackson, 2002) . Furthermore, DNA-PK has been shown to be a co-activator of Akt (Bozulic et al., 2008) , but the inverse relationship between these two kinases, with Akt being an activator of DNA-PK, has also been described (Toulany et al., 2008) . This suggests that the PI3K/Akt pathway and DNA repair processes are intricately linked.
Currently, there is much interest in exploiting the PI3K/Akt pathway for anticancer drug discovery and a series of small-molecule inhibitors have been developed (Yap et al., 2008; Ihle and Powis, 2009; Maira et al., 2009) . For example, class I PI3K inhibitors, such as the pyridinylfuranopyrimidine inhibitor PI-103, are considered as promising candidates for such an approach (Ihle and Powis, 2009; Maira et al., 2009) . Although PI-103 has been shown to block proliferation (Fan et al., 2006 (Fan et al., , 2007 and to enhance the efficacy of radiotherapy (Prevo et al., 2008) , its potential as a chemosensitizer has so far not been addressed. Therefore, in this study, we investigated the effect of PI-103 in combination with DNA-damaging drugs in GBM.
Results

PI-103 inhibits PI3K-mediated signaling in GBM cells
To find the ideal conditions under which the class I PI3K inhibitor, PI-103, blocks PI3K-mediated signaling in GBM cells, we initially determined the optimal dose and temporal efficacy of PI-103. Inhibition of PI3K was assayed indirectly, using the phosphorylation of Akt and S6 ribosomal protein as surrogate readouts for the activity of PI3K and its mTOR-dependent sidearm, respectively. For this purpose, three prototypical GBM cell lines were chosen, U87MG, U118MG and U138MG, all of which harbor PTEN mutations (Ishii et al., 1999) and thus express relatively high levels of constitutively (that is, even in the absence of serumbased growth factors) phosphorylated, hence active, Akt, whereas U138MG and U118MG cell lines express mutant p53 protein, which is wild type in U87MG cells (Ishii et al., 1999) . As shown in Figure 1 , PI-103 inhibits PI3K signaling at low micromolar concentrations at least as efficiently as does LY294002, a broad-range inhibitor of the PI3K family used as a positive control throughout this study, at a much higher concentration of 20 mM. This holds true for a range of different concentrations of PI-103 at a single time point (Figure 1a) , as well as for a single concentration over a prolonged period of time ( Figure 1b) . We observe an B15-fold variation in cell line-specific sensitivity to the PI-103, a range which is similar to that which has been antecedently described .
PI-103 sensitizes GBM cells for cytotoxic drug-induced apoptosis After having established the concentrations of PI-103 in the inhibition of PI3K-mediated signaling in GBM cells, we treated the GBM cell lines with DNA-damaging drugs (Figure 2a ) in the presence of sub-toxic concentrations of PI-103 (Supplementary Figure 1a) . We selected the topoisomerase II inhibitor and DNAintercalating agent, doxorubicin, the topoisomerase II inhibitor, etoposide (Nitiss, 2002) , and the alkylating agent, temozolomide (Tisdale, 1985) . Importantly, PI-103 significantly enhanced cytotoxic drug-induced apoptosis in all cell lines to a drug-and cell line-specific degree (Figures 2a-c) . For U87MG and U138MG cell lines, this sensitization effect was synergistic for PI-103, combined with either doxorubicin or etoposide (Supplementary Table 1 ). In contrast, U118MG cells could not be sensitized for doxorubicin-induced death, as these cells were resistant to doxorubicin even after prolonged treatment (Supplementary Figure 1b) . It is noteworthy that sensitization to doxorubicin-or etoposide-induced apoptosis by PI-103 occurred independently of treatment schedule, as pre-incubation with PI-103 proved to be of no advantage compared with concurrent treatment ( Supplementary Figures 1c and d) . LY294002 seems to be more effective in sensitizing U87MG and U138MG cells after doxorubicin treatment, whereas PI-103 seems to be more potent in combination with etoposide ( Figures 2a and b) . This difference might be due to a broader inhibition of PI3K-like kinases, for example, DNA-PK, by LY294002 (Yaneva et al., 2005) . As these PI3K-like kinases are frequently associated with DNA damage, which not only occurs on topoisomerase II treatment but also when doxorubicin intercalates into DNA (Nitiss, 2002) , this might explain the perceived differences between LY294002 and PI-103. To exclude the hypothesis that sensitization for cytotoxic drug-induced apoptosis by PI-103 is just a short-term effect, we performed colony assays to assess long-term survival. To this end, U87MG cells were seeded at low density and treated for 3 h with doxorubicin in the presence or absence of PI-103, and then left to grow for 10 days. Importantly, the combined treatment with doxorubicin and PI-103 led to a significantly stronger reduction in colony formation than did treatment with doxorubicin alone (Figure 2d) .
Next, we wanted to know whether PI-103 also increases cell death in GBM stem cells, as these cells have been shown to be highly resistant to radio-and chemotherapy (Bao et al., 2006; Eramo et al., 2006) . To address this question, we used GBM stem cells that we previously characterized (Eramo et al., 2006) . Crucially, combining PI-103 and doxorubicin significantly reduced cell viability of GBM stem cells when compared with treatment with either doxorubicin or PI-103 alone (Figure 3a) .
To further verify the clinical relevance of our findings, we also used primary cultured GBM cells generated from surgical specimens (Opel et al., 2008) . PI3K signaling was inhibited by PI-103 in these cells at similar concentrations to those used in GBM cell lines (Supplementary Figure 2a) . Importantly, PI-103 significantly increased doxorubicin-and etoposide-induced apoptosis in these primary cultured GBM cells (Figure 3b ). Although a trend toward sensitization could also be observed when temozolomide was combined with PI-103, this sensitization effect was only significant for LY294002 (Figure 3b) . Further, the combination treatment of PI-103 and doxorubicin was significantly more efficient in suppressing colony formation than was either treatment alone (Figure 3c) , showing that the combination treatment also has a longterm effect on primary cultured GBM cells.
This set of experiments shows that PI-103 sensitizes GBM cells-cell lines, GBM stem cells and primary material-for apoptosis induced by DNA-damaging drugs, such as doxorubicin, etoposide and temozolomide. Furthermore, this sensitization is not just a shortterm phenomenon, as shown by the long-term suppressive effects of even a brief treatment of PI-103 in combination with doxorubicin on colony formation, compared with treatment with doxorubicin alone.
PI-103 prolongs doxorubicin-induced DNA damage and retards clearance of gH2A.X foci As interference with PI3K-mediated signaling can alter cellular response to DNA damage, we hypothesized that the chemosensitizing effect of PI-103 on treatment with DNA-damaging drugs might affect the cell at the level of DNA damage/repair. As PI-103 showed a strong and consistent sensitization effect when combined with DSBinducing agents, that is, topoisomerase II inhibitors doxorubicin and etoposide, we assessed DNA damage induced by either drug in the absence and presence of PI-103. For this, we used alkaline comet assay, the readout of which, referred to as Olive Tail Moment, is considered to correlate directly with the amount of DNA damage (Brendler-Schwaab et al., 2005) . Interestingly, combining doxorubicin or etoposide with PI-103 significantly increased DNA damage compared with treatment with doxorubicin or etoposide alone ( Figure 4a ).
We then focused on doxorubicin, a drug which is used in treatment protocols for GBM (Hau et al., 2004; Glas et al., 2007) , to investigate in more detail whether PI-103 affects DNA repair processes. To address this point, we monitored the resolution of DNA damage over a 24-h time span after pulse treatment with doxorubicin and/or PI-103 for 12 h. Importantly, the DNA damage caused by the combination of doxorubicin and PI-103 remained significantly elevated throughout this period compared with treatment with doxorubicin alone (Figure 4b ).
To further address whether it is the initial DNA damage or DNA repair processes that are affected by PI-103, we used an additional experimental approach, which allows for an earlier readout. As a surrogate marker of DNA damage, phosphorylation of histone H2A.X (referred to as gH2A.X in its phosphorylated form) was analyzed, as the formation of gH2A.X foci at the site of DNA damage is considered to be one of the earliest responses to DSBs and can be visualized by fluorescence microscopy (Fernandez-Capetillo et al., 2003) . To better distinguish between initial damage and the onset of damage repair, the duration of drug treatment was reduced to 3 h. Thereafter, cells were released into a drug-free medium and a 24-h period was observed at intervals to monitor DNA repair. It is noteworthy that the initial damage after 3 h of exposure to doxorubicin was similar in the presence or absence of PI-103 (Figure 4c) . Importantly, the resolution of 3 mg/ml doxorubicin in the presence of DMSO or 0.6 mM PI-103, followed by a complete exchange of medium. On day 10, colony formation was assessed as described in the Materials and methods section, expressed here as a percentage of untreated cells under DMSO. Mean þ s.d. values of three independent experiments are shown. Statistical analysis was carried out by two-sided Student's t-test, *Po0.05; # Po0.001; n.s., not significant.
gH2A.X foci after drug removal was significantly delayed in cells that were co-treated with doxorubicin and PI-103, compared with treatment with doxorubicin alone (Figure 4b ). This prolonged presence of gH2A.X foci in cells treated with PI-103 plus doxorubicin was unlikely simply because of cell cycle alterations, as these changes only became prominent after 48 h (compare Supplementary Figures 2b and c) . Furthermore, we assessed gH2A.X foci formation in the presence of the broad-range caspase inhibitor, zVAD.fmk, to exclude that the persistence of gH2A.X foci was caused by increased caspase-mediated apoptotic DNA fragmentation. It is noteworthy that inhibition of caspases did not prevent the formation of gH2A.X foci (Supplementary Figure 3a) , indicating that gH2A.X foci formation occurs independent of caspase-mediated apoptotic events. These data taken together strongly argue for a model in which PI-103 sensitizes GBM cells for apoptosis by inhibiting DNA repair processes.
The effect of PI3K inhibition and blockage of DNA-PKmediated DNA repair are indistinguishable in sensitizing GBM cells for apoptosis PI3K may modulate DNA damage response through at least two different routes, that is, DNA-PK-mediated repair (Jackson, 2002) and mTOR-induced signaling (Proud, 2004) . As PI-103 has been reported to inhibit DNA-PK and both mTORC1 and mTORC2 complexes, besides class I PI3K (Raynaud et al., 2007) , we wanted to critically analyze their individual contributions to PI-103-mediated chemosensitization. To address this point, we used both, a pharmacological and a genetic approach.
In the first approach, inhibition of the catalytic subunit of DNA-PK by the pharmacological inhibitor Nu7026 (Veuger et al., 2003) led to a similar increase in gH2A.X foci formation when coadministered with doxorubicin, as PI-103 did (Figure 5a) . Importantly, using a combination of both pharmacological inhibitors, that is, PI-103 and Nu7026, together with doxorubicin, did not further increase gH2A.X foci numbers compared with the use of doxorubicin and a single inhibitor (Figure 5a) . Similarly, treatment with doxorubicin in combination with either PI-103 or Nu7026 significantly increased apoptosis compared with treatment with doxorubicin alone, although combining both pharmacological inhibitors did not lead to a further augmentation of cell death (Figure 5b ). These results suggest that both PI3K and DNA-PK function in the same, linear signaling cascade. In contrast, two mTOR inhibitors, rapamycin and everolimus, had no effect on either DNA repair or apoptosis induction on treatment with doxorubicin (Figures 5a and b) . Although these mTOR inhibitors primarily target mTORC1, they have also been reported to reduce mTORC2 levels on prolonged 
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exposure (Sarbassov et al., 2006; Guertin and Sabatini, 2007) . In the second, genetic approach, expression of key targets of PI-103 was individually knocked down by RNA interference (the effectiveness and specificity of which are shown in Supplementary Figure 3b) . To this end, PI3K was targeted by a simultaneous knockdown of the p110a and p110b forms of the p110 subunit, DNA-PK by knockdown of the DNA-PK catalytic subunit and mTOR by knockdown of FRAP1/mTOR, the essential catalytic protein of both mTORC1 and mTORC2 complexes. Intriguingly, a selective knockdown of either PI3K or DNA-PK significantly increased both, gH2A.X foci numbers (Figure 5c ) and doxorubicin-induced apoptosis (Figure 5d) . Crucially, the combined knockdown of PI3K and DNA-PK did not further increase gH2A.X foci formation or apoptosis, when compared with the knockdown of individual proteins (Figures 5c and d) . In contrast, knockdown of mTOR did not significantly alter doxorubicin-induced gH2A.X foci formation or apoptosis (Figures 5c and d) , which is in line with our findings for pharmacological mTOR inhibitors (Figures 5a and b) . To further verify that reduced DNA repair is indeed specific for the inhibition of PI3K-mediated signaling, we also investigated Rad51, a protein involved in PI3K-independent homologous recombination (Jackson, 2002) , a process that is also activated after doxorubicin treatment (Koehn et al., 2007) . Rad51-mediated damage response is indeed unaltered by both PI-103 and Nu7026 
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------+ + + + + + Figure 5 Comparison of pharmacological and genetic inhibition of PI3K, DNA-PK and mTOR. (a and b) Pharmacological inhibition of PI3K, DNA-PK and mTOR. U87MG cells were treated with 100 nM rapamycin, 10 nM everolimus, 0.6 mM PI-103, 10 mM Nu7026 or dimethylsulfoxide (DMSO), and with either 0.3 mg/ml doxorubicin for 3 h followed by a complete exchange of medium and determination of DNA damage by gH2.AX foci formation after 12 h (a) or 0.2 mg/ml doxorubicin for 48 h followed by determination of apoptosis by FACS analysis of propidium iodide-stained nuclei (b). (c and d) Genetic inhibition of PI3K, DNA-PK and mTOR. U87MG cells were treated with control siRNA, or siRNA against PI3K, DNA-PK or mTOR and with either 0.3 mg/ml doxorubicin for 3 h followed by a complete exchange of medium and determination of DNA damage by gH2.AX foci formation after 12 h (c) or 0.2 mg/ ml doxorubicin for 48 h followed by determination of apoptosis by FACS analysis of propidium iodide-stained nuclei (d Figure 3d) , further strengthening the direct link between PI3K inhibition and reduction in NHEJ.
Together, these findings strongly suggest that PI-103 sensitizes GBM cells for doxorubicin-induced apoptosis by inhibiting DNA-PK-mediated DNA repair.
Discussion
In this study, we provide a compelling argument for further investigating the use of class I PI3K inhibitors, such as the pyridinylfuranopyrimidine inhibitor, PI-103, in combination with DNA-damaging drugs for GBM treatment. Although it has been shown earlier that PI-103 has an anti-proliferative effect on GBM cells as a single agent (Fan et al., 2007) or in combination with the epidermal growth factor receptor inhibitor erlotinib (Fan et al., 2006) , and that it enhances tumor radiosensitivity (Prevo et al., 2008) , no study has so far addressed the potential interaction between chemotherapeutic agents and PI-103. This is of particular interest for GBM, for which the current standard of care is still considered to be a surgical resection of the tumor mass, a frequently unsuccessful and difficult procedure (Stupp et al., 2006) .
In this study, we show for the first time that PI-103 efficiently sensitizes GBM cells for chemotherapyinduced apoptosis, not only established cell lines but also GBM stem cells. These cells are considered to be highly resistant to therapy and their presence has been frequently cited as a likely cause for tumor relapse (Ishii et al., 2008) . Furthermore, this PI-103-mediated increase in chemosensitivity is most likely of clinical relevance, as we also observed increased apoptosis after a combination therapy of doxorubicin and PI-103 in primary GBM cells derived from patients.
Investigating the molecular mechanisms of this chemosensitization, we found that inhibition of PI3K led to persistent DNA damage and inhibition of DNA repair after doxorubicin treatment. Although the relationship between inhibition of PI3K signaling and increased DNA damage has been reported in the context of tumor radiosensitivity, increased either by LY294002 (Kao et al., 2007) or PI-103 (Prevo et al., 2008) , the underlying molecular mechanism has so far not been investigated. Previously, distinct routes by which PI3K-mediated signaling could influence cellular DNA damage responses were suggested, such as interaction with DNA-PK-dependent DNA repair (Jackson, 2002) . In addition, it has been shown that mTOR-induced signaling can influence cellular responses to DNA damage (Proud, 2004) . Interestingly, both proteins, the catalytic subunit of DNA-PK and mTOR, are also inhibited by PI-103 (Raynaud et al., 2007) . Thus, the question arises which of these potential targets of PI-103 are crucial for mediating chemosensitization on treatment with DNA-damaging drugs. Our pharmacological and genetic approach to individually inhibit these molecules suggests a linear relationship between PI3K and DNA-PK, as blocking either PI3K or DNA-PK resulted in a similar delay of DNA repair accompanied by increased apoptosis, whereas a simultaneous inhibition of both molecules did not lead to any additive or synergistic effects.
The interaction between the NHEJ DNA repair pathway, of which DNA-PK is an integral part, and the PI3K/Akt signaling cascade is highly complex and still not fully understood (Lees-Miller, 2008) . In nontransformed cells, DNA-PK is usually but not always (for example, Yavuzer et al., 1998) believed to be directly activated on a DSB (Pawelczak and Turchi, 2008) , thereafter initiating the repair machinery while concurrently activating survival pathways, such as PI3K/Akt-mediated signaling (Bozulic et al., 2008) , possibly by direct phosphorylation (Feng et al., 2004) . In tumor cells, however, which are usually more dependent on PI3K-mediated survival signaling and frequently express stimuli-independent activity of this signaling cascade (Yuan and Cantley, 2008) , the relationship between PI3K and DNA-PK can be altered. Here, Akt has been reported to be an activator of DNA-PK, responsible for its phosphorylation (Toulany et al., 2006 (Toulany et al., , 2008 . These findings are consistent with our own data, which show that in doxorubicin-treated GBM cells, Akt is not downstream of DNA-PK, as inhibition of the latter does not affect phosphorylation of the former (Supplementary Figure 3d) .
Although it has been previously suggested that mTOR may mediate cellular responses to DNA damage-induced apoptosis (Proud, 2004) , our results indicate that, in contrast to PI3K and DNA-PK, it does not seem to have a crucial role in mediating DNA repair or apoptosis resistance after doxorubicin treatment in GBM cells. However, it may remain an interesting target for therapeutic approaches in GBM (Kreisl et al., 2009) . Indeed, compounds inhibiting multiple targets, such as PI3K, DNA-PK and mTOR, seem to be a promising strategy, as blocking a single target has been shown to increase the selective pressure for the development of mutational resistance to that substance. Therefore, targeting a range of overlapping signaling pathways, which are all dependent on a protein family that is aberrantly activated in tumor cells, is a much more stable approach, which still avoids the pitfalls of classical broad-spectrum inhibition.
Our findings, as summarized in Figure 6 , strongly suggest that inhibition of DNA-PK-mediated DNA repair is involved in PI-103-mediated sensitization when treating GBM cells with the DNA-damaging drug, doxorubicin. This might also explain in part the reduced sensitization effect of PI-103 when combined with temozolomide, which is an alkylating agent (Tisdale, 1985) and damages DNA by generating O 6 -alkylguanine, which is repaired primarily independent of DNA-PK (Christmann et al., 2003) . Indeed, inhibition of PI3K-mediated signaling also enhances apoptosis sensitivity in GBM cells in an NHEJ-independent manner, as we have previously shown for agents that do not primarily cause DNA damage, that is, death receptor ligands such as TRAIL and anti-CD95 agonistic antibody (Opel et al., 2008) . Intriguingly, in line with recent observations regarding the pharmacokinetics of inhibitor-induced cancer cell death (Shah et al., 2008) , we also found that a brief, but potent inhibition of PI3K administered concurrently with a DNA-damaging drug is sufficient to commit GBM cells to apoptosis and to suppress clonogenic growth.
We therefore conclude that pharmacological inhibitors of class I PI3K, such as PI-103, are promising candidates for further combination protocols with chemotherapeutic drugs such as doxorubicin, which is currently being evaluated for treatment of GBM (Hau et al., 2004; Glas et al., 2007) . By inhibiting DNA-PKmediated DNA repair, PI-103 chemosensitizes GBM cell lines, primary material of patients and also glioma stem cells for apoptosis. Thus, our findings show that inhibition of PI3K-mediated signaling is a promising therapeutic approach to overcome resistance of GBM. This is of particular interest as a recent study by Chen et al. (2008) shows a similar sensitizing effect in GBM after radiation treatment combined with PI-103 . Although the authors did not investigate the underlying mechanisms, similar pathways as those described in this study may be involved. 
Materials and methods
Cells
Protein immunoblotting
Western blot analysis was carried out as previously described (Opel et al., 2008) , using the following antibodies: mouse monoclonal Akt (BD Biosciences, Heidelberg, Germany); rabbit polyclonal phospho-Akt (Ser473), rabbit phospho-S6 ribosomal protein (Ser235/236), rabbit anti-S6 ribosomal protein (Cell Signaling, Beverly, MA, USA); mouse monoclonal b-actin (Sigma-Aldrich), followed by anti-mouse or anti-rabbit immunoglobulin G-horseradish peroxidase from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Enhanced chemiluminescence was used for detection (Amersham Bioscience, Freiburg, Germany).
Determination of apoptosis, viability and colony formation
The readout for apoptosis was DNA fragmentation and was assessed by fluorescence-activated cell-sorting (FACScan, Becton Dickinson, Heidelberg, Germany) analysis of DNA fragmentation of propidium iodide-stained nuclei as previously described (Fulda et al., 1997) . Specific DNA fragmentation was calculated as follows: 100 Â (experimental DNA fragmentation (%)-spontaneous DNA fragmentation (%))/ (100%-spontaneous DNA fragmentation (%)). The readout for cell viability was metabolic activity and was assessed by MTT assay according to manufacturer's instructions (Roche Diagnostics, Mannheim, Germany). For colony assay, 2 Â 10 3 U87MG or 8 Â 10 3 primary cultured cells were seeded in 6-well plates and treated for 3 h with 0.3 mg/ml doxorubicin in the presence of PI-103 or dimethylsulfoxide. The media were replaced by a drug-free medium and cells were allowed to grow for 10 days (U87MG cells) or for 7 days (primary cultured cells). At the end of the incubation period, cells were washed twice in phosphate-buffered saline (PBS), followed by a 15 min fixation with 3.7% formaldehyde (in PBS) and a 10 min staining in a Giemsa (Merck KgaA, Darmstadt, Germany) solution (1:10 in water). Clusters of at least 10 cells were counted as colonies and values were normalized for untreated cells under dimethylsulfoxide.
Single-cell gel electrophoresis (comet) assay DNA damage was assayed by alkaline comet assay. A total of 2 Â 10 5 U87MG cells were seeded in 6-cm dishes and allowed to settle overnight. After drug exposure, the cells were washed with PBS, collected by centrifugation and resuspended in PBS. Aliquots of 10 ml were suspended in 120 ml low melting point agarose (0.5%) (Invitrogen, Karlsruhe, Germany) and spread onto microscope slides precoated with a thin layer of 1.5% agarose (Roth, Karlsruhe, Germany). The cells were exposed to lysis buffer (2.5 mM NaCl, 100 mM Na 2 EDTA, 10 mM Tris) at 4 1C overnight. Thereafter, alkaline denaturation was carried out in a prechilled electrophoresis buffer (300 mM NaOH, 1 mM Na 2 EDTA) for 25 min, followed by alkaline electrophoresis for 25 min at a pH>13 (4 1C). The slides were then neutralized (0.4 M Tris), desiccated (absolute alcohol, 5 min) and stained with ethidium bromide. A total of 50 randomly selected cells were measured by image analysis (Kinetic Imaging Komet 5.0 Software, Andor Technology Ltd, Berlin, Germany) using an Olympus AX70 'Provis' microscope (Hamburg, Germany). DNA damage is expressed as Olive Tail Moment.
yH2A.X foci formation
The U87MG cells were seeded at a density of 0.5 Â 10 5 in 8-well chamber slides and stained with anti-phospho-Histone H2A.X (Millipore, Schwalbach/Ts., Germany) and anti-mouse fluorescein-conjugated F(ab 0 )2 IgG (Millipore) as previously described (Giagkousiklidis et al., 2005) . Cells were analyzed under a fluorescence microscope. Nuclei containing at least 10 fluorescence foci were considered positive, and for each experimental condition, at least 200 cells were counted.
RNA interference
Cells were transfected with siRNA using TransMessenger transfection reagent (Qiagen, Hilden, Germany) as previously described (Opel et al., 2008) , using the following Stealth RNAi constructs from Invitrogen: PIK3CA (PIK3CAHSS10800 6) and PIK3CB (PIK3CBHSS10800 7) for the p110a and b subunits of PI3K; PRKDC (PRKCDHSS10852 7) for the catalytic subunit of DNA-PK; FRAP1 (FRAP1HSS103825 5-7) for mTOR; and Stealth Negative Universal Control Medium RNAi (12935-300) for negative control.
Statistical analysis
Statistical significance was assessed by Student's t-test or Mann-Whitney U-test, where appropriate, using Winstat (R. Fitch Software, Bad Krozingen, Germany) or SPSS (SPSS GmbH Software, Munich, Germany) software.
